-4-The objective of this work was to demonstrate the feasibility of another powder metallurgy approach to a continuous production process.
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Pickus ' developed a technique to allow forming of powdered materials, metallic or not, as though they were a thermoplastic. He formed many brittle materials by coating the powders with polystyrene, forming the mixture while heated, and finally subjecting the specimen to a timed heating cycle. The heating cycle had basically two stages. The first, lower temperature stage, volatilized the plastic leaving the sample in its as-formed configuration. The second stage sintered the powder to its final density. Some materials, requiring higher sintering temperatures, had to have the second stage divided into two parts. The first part, a partial sintering, would usually be done immediately following and in the same oven as the plastic removal. Partial sintering was required to give the sample enough strength to be handled for mounting in the high temperature, final sintering, furnace. The high temperature sintering usually had to be done in a vacuum while the first part could be done in an inert atmosphere. Equipment considerations dictated that the polymer removal be done in a furnace that was easily cleaned.
Materials originally processed by this method include niobium, tungsten carbide/cobalt mixtures and aluminum oxide. This procedure can be controlled to yield specimens having close to theoretical density or a specified amount of residual porosity. Small (0.8 mm, 1/32 in.) spherical fountain pen tips have been formed from ruthenium and platinum alloys -5-using this approach. A sketch of how this concept could be adapted for the continuous production of infiltrated cores is presented as figure 1.
Mechanical deformation and further heat treatment would be necessary to make these cores into multifilamentary superconducting wire. The extrusion apparatus used in this work was not of the type shown in figure 1, but was accessible to the author and served the purpose of establishing the feasibility of the process.
HISTORICAL BACKGROUND
Kamerlingh Onnes liquified helium for the firt time in 1908, opening up a new area of low temperature research. It had been thought for many years that metals exhibit less electrical resistance at lower temperatures. In 1911 Onnes took this assumption one step further with an interesting discovery. While working at the low temperatures possible with liquid helium he found that mercury lost all electrical resistance at 4.1°K. This phenomenon became known as superconductivity. Two years later Onnes discovered that lead became superconducting at 7.2°K.
He realized the possibility of generating large magnetic fields by constructing solenoids using superconducting materials. He found, however, that small magnetic fields destroyed the superconductivity.
In 1933 Meissner and Ochsenfeld made another surprising discovery. They found that while in the superconducting state a conductor does not allow magnetic lines of flux to penetrate it. This -6^ is called the Meissner effect and implies that a current is developed on the surface of the sample which shields the interior from the magnetic field. This condition seemed to correspond to perfect diamagnetism.
Meissner added a new parameter for the evaluation of superconductors.
Two discoveries approximately 50 years after Onnes' breakthrough generated new enthusiasm for the study of superconductors. In 1954
Matthias discovered the high critical temperature of the intermetallic compound Np.,Sn to be 18°K. Later, in 1961, Kunzler et al. found Nb-Sn to be the first compound to remain superconductive in high magnetic fields. A new era had begun in the study of superconductivity.
The disappointment of Onnes had been displaced. it is the only conductor of its type for which practical wire and tape fabrication processes exist.
The first usable A-15 superconductor was made using a powder core 9 process at Bell Telephone laboratories. This process involved filling a niobium tube with a mixture of niobium and tin powders and then reducing the tube to the desired wire size. The wire had to be formed into its final shape before the superconducting core was formed by a heat treatment.
The necessity of winding the wire before carrying out the diffusion reaction was a serious drawback which, when considered along with the occurrence of magnetic instabilities, led to the abandonment of this technique.
Chemical vapor deposition was used by Hanak to daposic Nb Sn on a hot substrate of Hastalloy wire or ribbon. Apparently the economics of this RCA process overshadowed its basic technical soundness and encouraged its developers to seek a new approach.
The General Electric process, described in 1966 by Benz, provided a way to fabricate a superconductor that could be wound after the reaction forming Nb_Sn was complete. A niobium tape was passed through a tin bath and then heated to the reaction temperature (950°C -1000°C)
to form a thin layer of Nb-Sn. Layers of copper and stainless steel were The bronze cylinder was then mechanically reduced to the desired size and cut into sections. These sections were inserted in holes drilled in another bronze cylinder which was also mechanically reduced.
Intermediate annealing was required to prevent cracking of the bronze. EXPERIMENTAL PROCEDURE Niobium-tin superconducting wire has been successfully fabricated by the infiltration process previously described. It was envisioned that if continuous lengths of porous niobium cores of the same diameter (0.48 cm) could be made by other means, then the established procedures could be followed to process these cores into multifilamentary superconducting wire. With this in mind it was decided to use a 0.48 cm extrusion die in the powder-thermoplastic process previously mentioned.
The specific purpose of this project was therefore to investigate the problems associated with extruding a niobium rod 0.48 cm (3/16 in.)
in diameter with a suitable porosity fraction.
This poJymer-powder metallurgy process involves four steps to go from a povMer to an infiltrated niobium rod. These steps are:
1) coating the powder with a suitable thermoplastic (in this case polystyrene); 2) extrusion of the coated powder into a rod of specified diameter; 3) heat treatment to remove the plastic and sinter the niobium; 4) infiltration of the rod with tin to fill the network of inter-connected pores. The heat treatment was broken up into two stages. A low temperature (up to 1300°C) treatment done in an argon atmosphere was intended to volatilize the polystyrene and sinter the niobium enough to allow its handling. The second stage of the heat treatment was done in a vacuum (10 mm Hg) furnace. While suspended in this evacuated chamber, the porous niobium rods were heated to 2200-2250°C for several minutes. This high temperature sintering gave the rods strength and ductility. Fabrication of A-1S phase superconducting wire from these cores would involve tin infiltration, mechanical reduction, and another heat treatment.
I. Coating the Powder With Thermoplastic
The thermoplastic was chosen on the basis of its overall properties.
Oxides and contaminating residue formed when vaporizing the polymer had to be kept at minimal levels. In view of previous work, polystyrene, a pure hydrocarbon, was chosen as the thermoplastic best suited.
Extrusion was found to require less pressure if the polystyrene was A graduated cylinder was used to measure out the desired volume of p'dystyrene-toluene solution. A pyrex dish was used to hold the mixture of solution and niobium powder over a hot plate while it was continuously hand-stirred. The entire evaporation process was carried out under a hood to provide protection from the coxic toluene vapors.
When there was just a little solution left the desired amount of plasticizer was added to the mixture using a 1 cc glass syringe.
The weight of the plasticizer used was 1/5 the weight of the poly-lyrene.
Plasticizer was a?ded at this late stage to prevent excessive loss during evaporation. A short while later the mixture became rubbery making further stirring ineffective. The material was then placed in an oven at 115°C
for one hour to remove all residual solvent. At this stage the substance was hard and had to be cut into small chunks to effectively fit into the extrusion apparatus cylinder. Tigure 3 (opposite the long, as extruded, rod) shows the mixture just before it was placed in the cylinder.
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II. Extrusion
Extrusion of the powder-plastic mixture was done at low temperature (16S°C) and pressures below 27 ksl. The apparatus used was a die set and heater of the type often used for mounting specimens for metallographic work. A photograph of this equipment is shown in figure   2 . An extrusion die has been substituted for the base plug and a support has been added to position the die toward the center of the die cylinder where temperatures were more accurately monitored. A voltage regulator was used between the heater and the power supply to keep the temperature between 160°C and 170°C. The temperature was measured by a thermocouple placed in a well which had been drilled in the die plunger ( fig. 2 ).
The extrusion apparatus was positioned in a hand-operated hydraulic press with a maximum fluid pressure of 3000 pounds and a cylinder diameter of 3 inches. Since the extrusion cylinder had a diameter of 1 inch, the maximum available pressure was 27 ksi. When the thermocouple Indicated 165°C had been reached, the powder-plastic mixture was placed in the extrusion cylinder. The coated powder was allowed to heat for at least five minutes to insure its uniform temperature.
Pressure was exerted until extrusion was complete. Once the material began passing through the die the pressure remained constant until all of it had been extruded. Mixtures with 7 1/2% polystyrene required the maximum pressure of 27 ksi. An example of a specimen after extrusion is shown in figure 3 . The length of the rod was limited by the capacity of the die cylinder. After forming, the rod was allowed to cool while hanging from the die. 
IV. Infiltration
Infiltration of the porous niobium rods was done in the Abar furnace immediately after the high temperature sintering operation. After sintering, the samples were allowed to cool to the temperature of the molten tin bath (SSCC to 700°C) before being submerged. The pressure inside the furnace was raised from 10 mm Hg to just below atmospheric after the specimens were completely immersed. Infiltration time was one minute.
V. Metallography
The niobium-tin samples were mounted in bakelite and polished for optical microscope viewing. An anodic oxidation process was used to identify the niobium and the tin and some of their intermetallic compounds.
Niobium turned light blue, tin became yellow, Nb.Sn showed as dark blue or violet, and JSbfiSn, was distinguished by its reddish brown color.
RESULTS AMD DISCUSSION
Early attempts at extrusion of niobium-polystyrene rods failed.
Either short lengths would extrude or no material at all would pass through the die. It appeared as though the mixture would be compressed -16-into a solid piece when the material began to flow. Raising the extrusion temperature and/or the thermoplastic fraction did not help.
These first experiments were done using a powder of -270 mesh. It was found that when finer powder of -400 mesh was used, the extrusion proceeded well. A comparison of the pore configuration was made between two samples, both containing 7 1/2 W/o polystyrene, made with these different mesh powders. Figure 7A shows a section of the specimen prepared using -2 70 mesh niobium powder (as received). Figure 7B is a photograph of 7 1/2 W/o polymer specimen made with the finer, -400 mesh powder. The sample made with the coarser powder seemed to have a wider range of pore sizes and the average volume of a single pore appeared larger.
All of the data reported in this paper was taken from samples prepared with -400 mesh niobium powder.
After successfully fabricating the porous niobium rods through this extrusion process, the objective of this work became to see if the porosity (and therefore the relative amount of tin): could be controlled by altering the polymer fraction. Also of interest was the effect raising the plastic content had on the extrusion pressure. The benefits of adding plasticizer were evaluated by preparing all mixtures with and without.
Several samples were prepared and extruded. The data has been plotted graphically in figures 8 and 9. The polymer fraction was varied by 1/2 W/o and each mixture was prepared with and without -17-plasticizer. It can be seen that the addition of plasticizer caused a significant reduction in the pressure required for extrusion while having little effect on the porosity. Figure 9 suggests that the pore volume fraction was controlled by the polymer content as was the extrusion pressure ( figure 8) . A linear relation seemed to exist in both cases.
Each sample extruded to its full length (limited by the capacity of the extrusion apparatus cylinder) with enough strength to support its own weight while hanging from the extrusion die as it cooled. The capacity of the extrusion press limited the minimum polystyrene fraction that could be investigated. Samples having 7 1/2 W/o polymer required the maximum pressure of 27 ksi even when they were mixed using plasticizer. When specimens were prepared without plasticizer, at least 8 1/2 W/o polymer was required for extrusion using less than the maximum pressure. This process may be a good way to produce other porous pieces.
Sample batches that did not extrude but were compressed at 27 ksi exhibited uniform pore distribution. Many parts such as filters could be effectively manufactured by this coated-powder procedure. Weight percent polystyrene
